Introduction
============

Neuronal apoptosis is a normal part of development, required for the establishment of the proper circuitry of the nervous system. However, the abnormal death of neurons is associated with a variety of neurodevelopmental disorders and neurodegenerative conditions. The regulation of neuronal survival is controlled, in part, by the neurotrophin family of trophic factors, which includes nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and neurotrophin (NT)-3 and NT4, as well as their proforms. The mature forms of NTs bind selectively to members of the Trk family of tyrosine kinase receptors (TrkA, B, and C); they promote survival and differentiation, and modulate synaptic function \[[@B1]\]. In contrast, all the mature and pro-neurotrophins bind to the p75 NT receptor, which is a pleiotropic signaling molecule that can promote survival and yet can also induce apoptosis, among other functions \[[@B2],[@B3]\]. The receptor p75 can interact with a variety of co-receptors, and the nature of the signal generated by ligand binding depends on the specific receptor complex, e.g. survival signals are generated when a mature NT binds to a complex of its cognate Trk receptor and p75 \[[@B2],[@B4]\]. In contrast, NT binding to p75 alone or pro-neurotrophin binding to a complex of p75 and members of the Vps10p family of sorting receptors, typically activates proapoptotic or axon degeneration signals \[[@B5]\].

Mechanism of p75-mediated apoptosis
===================================

The p75 receptor belongs to the tumor necrosis factor (TNF) receptor (TNFR) superfamily of death receptors. Similar to other members of the TNFR superfamily, p75 is a type I, single-transmembrane, domain protein with a cysteine-rich extracellular domain (ECD) and a death domain (DD) in its intracellular tail. The structure of the p75 DD is similar to that found in several other members of the TNFR superfamily \[[@B6]\]; however, p75 exists in a dimeric conformation, linked by a disulfide bond in its transmembrane region \[[@B7]\], whereas most members of this superfamily form trimers. The DD is linked to the transmembrane domain by a flexible juxtamembrane region, and studies using cultured primary neurons have implicated both the DD \[[@B8]\] and the juxtamembrane domain \[[@B9]\] in p75-mediated cell death.

On ligand binding, p75 signals by recruiting various adaptor proteins to its intracellular domain (ICD), leading to activation of several downstream pathways, depending on the specific ligand and cellular context. The p75 signaling pathways have been thoroughly reviewed elsewhere \[[@B3]\] and are just summarized here. Adaptors, such as TNFR-associated factor 6 (TRAF6) \[[@B10]\] and Rip2 \[[@B11]\], associate with p75 and induce activation of the transcription factor nuclear factor κ-light-chain-enhancer of activated B-cells (NF-κB), which has been linked to the promotion of survival \[[@B3],[@B12],[@B13]\]. Binding of other adaptors, including Rho GDP-dissociation inhibitor (RhoGDI) \[[@B14]\] and Trio \[[@B15]\], result in activation of RhoA and reduced Rac activity, which promotes growth cone collapse and neurite retraction. Finally, several receptor-associated factors, such as TRAF6 (in the absence of Rip2) \[[@B10],[@B11]\], NTR-interacting factor (NRIF) \[[@B16]\], and NRAGE \[[@B17]\], bind to p75's ICD and promote activation of c-Jun N-terminal kinase (JNK). JNK activation results in phosphorylation of a variety of substrates, including the transcription factor c-Jun and members of the Bcl-2 family \[[@B18]\] that induce apoptosis. However, unlike death induced by growth factor withdrawal, c-Jun itself is dispensable for p75-mediated apoptosis, suggesting that the other substrates have a more critical role \[[@B19]\].

Stimulation of JNK was also shown to up-regulate the metalloprotease TNFα-converting enzyme (TACE/ADAM17) \[[@B20]\], which cleaves the ECD of the receptor. In sympathetic neurons, JNK activation transcriptionally up-regulated TACE, which took several hours \[[@B20]\]. However, in other contexts, not associated with apoptosis, TACE-mediated cleavage of p75 in response to various stimuli is much faster, suggesting other mechanisms for activation of this protease \[[@B21]--[@B24]\]. Proteolysis of p75 by TACE is followed by γ-secretase-mediated cleavage within the transmembrane domain of the receptor, releasing the ICD \[[@B23],[@B24]\]. Liberation of the ICD facilitates translocation of NRIF, a DNA-binding protein that associates with the p75 ICD, into the nucleus, which is required for receptor-mediated apoptosis in several cell types \[[@B3],[@B25],[@B26]\] ([Figure 1](#F1){ref-type="fig"}).

![Apoptotic signaling mechanisms activated by the p75 receptor\
Proapoptotic ligands bind to preexisting p75 dimers, resulting in recruitment of adaptor proteins such as NRAGE, TRAF6, and NRIF, leading to stimulation of JNK. The activation of JNK induces p75 proteolysis, first in the ECD by TACE, and then in the transmembrane domain by the γ-secretase complex. JNK can transcriptionally up-regulate TACE; however, there also appear to be other, more rapid mechanisms for stimulating this protease. The cleavage by γ-secretase releases p75's ICD, resulting in a complex of the ICD, NRIF, a DNA-binding protein, and TRAF6 (T6), which promotes NRIF ubiquitylation (Ub). Ubiquitylated NRIF translocates to the nucleus and mediates apoptosis. In addition, this complex also leads to apoptosis through prolonged JNK activity.](ns-01-ns20160007-g1){#F1}

Retrograde apoptotic signaling by the p75 receptor
==================================================

Although some of the signaling mechanisms activated by p75 are beginning to be revealed, their spatial localization remains largely unexplored and may play an important role in determining the ultimate cellular response. Neurons are highly polarized cells with axons that often extend great distances from the soma. Therefore, some signals may be locally confined to regulate process retraction or growth, whereas other signals may be conveyed back to the cell soma and affect survival. NTs are classically defined as target-derived factors and interact with axons innervating or synapsing on to their targets. Therefore, to affect transcription within the cell nucleus and/or survival, NT signals must be retrogradely transported back to the cell body.

Long-range signaling in axons occurs via transport along microtubules, driven by the motor protein dynein for retrograde movement and kinesin for anterograde movement. These molecular motors are large protein complexes that assemble on vesicles, and both motor types can be found on a single vesicle \[[@B27]\]. The ultimate direction in which the vesicle moves is thought to depend on which motor complex is more abundant and/or how it is regulated, but is still an active area of investigation.

As p75-mediated apoptosis requires signaling to the nucleus, a retrograde transport system must exist within the neuron to bring the signal from the activated receptor at the cell membrane to the nucleus. Therefore, it is likely that there is a similar mechanism for transporting p75 signals from distal axons back to the cell body. One of the first indications that selective activation of p75 in distal axons could induce retrograde apoptotic signaling came from studies of neurons in the isthmo-optic nucleus (ION) of the chick. The ION neurons innervate the retina, and von Bartheld et al. \[[@B28]\] demonstrated that NGF could be transported by p75 from the eye back to the ION, resulting in neuronal cell death. Since then, there have been few studies examining the role of p75 retrograde apoptotic signaling during normal development. Taylor et al. \[[@B29]\] provided evidence of p75-mediated apoptosis during development of motor neurons in the chick embryo. They demonstrated that muscle cells release pro-BDNF, which induced apoptosis of spinal motor neurons in culture, and the developmental apoptosis of these neurons *in vivo* was prevented by antibodies blocking p75; Sortilin (a Vps10p co-receptor) or pro-BDNF. These results suggest that an apoptotic signal is transported, by p75 and Sortilin, from the muscles back to the motor neuron soma. Although such p75-mediated retrograde apoptotic signaling has not been reported for motor neurons in mammals, it is notable that there is reduced developmental apoptosis of spinal neurons in the early stages of development of *p75^−/−^* mice \[[@B30]\]. In addition, treatment of cultured rodent motor neurons with NGF, which binds only p75 and none of the Trks in these neurons, induced cell death \[[@B31],[@B32]\].

Retrograde apoptotic signaling by p75 has been suggested in several injury models. After axotomy of the corticospinal tract, respective motor neurons with their cell bodies present in the cortex undergo p75-dependent apoptosis \[[@B33]\]. Similarly, p75 has been implicated in the death of sensory neurons in the dorsal root ganglia \[[@B34]\], spiral ganglion neurons in the inner ear \[[@B35]\], and olfactory receptor neurons \[[@B36]\] after injury to distal axons. Interestingly, p75 is up-regulated in a wide variety of neuronal injuries and neuropathologies \[[@B37]\]. Although direct evidence linking the receptor to the associated neurodegeneration is currently limited to just a few conditions, p75 may contribute to many of these pathologies, possibly through retrograde degenerative signaling.

Using an *in vitro* culture system, Teng and colleagues provided convincing evidence for neuronal death through a p75-mediated retrograde signal \[[@B38]\]. They cultured sympathetic neurons in compartmentalized cultures, which create a physical barrier between the cell soma and the distal axons. Addition of pro-NT3 exclusively to the distal axons induced neuronal death, which was detected in the cell bodies. Importantly, neurons from *p75^−/−^* mice were resistant to pro-NT3, thereby demonstrating that the receptor was required for the resulting apoptosis. These investigators pointed out that many of the targets innervated by sympathetic neurons produce NT3, so they must also produce pro-NT3, because it is a precursor. It is not yet clear whether pro-NT3 is released from the target organs at sufficient levels to induce neuronal apoptosis, but it was suggested that this pro-NT could function as a developmental apoptotic signal that is retrogradely transported.

NT receptor internalization
===========================

Intra-axonal trafficking of receptors and their signaling components typically occurs via vesicular transport. Retrograde NT signaling has been extensively characterized for pro-survival signaling through the Trk receptors. Considerable evidence indicates that, on NT binding to a Trk receptor in the axon, the ligand-bound receptor is internalized and retrogradely transported in what has been termed a 'signaling endosome' (for reviews see \[[@B39]--[@B44]\]). This term was coined after the finding that a remarkable number of Trk signaling components remain associated with the endosome as it is transported back to the cell body \[[@B45]\]. Multiple studies from various groups using different neuronal systems have supported the signaling endosome model; however, even 15 years after its inception, a general consensus on the functional definition of a signaling endosome, the key signaling components present in it, and the nature of the vesicle/endosome being trafficked is lacking \[[@B46],[@B47]\]. In addition, other mechanisms have also been proposed by which Trk receptors signal retrogradely, e.g. transport of the Trk signal, independent of NT internalization \[[@B48]\] or binding of a ligand \[[@B49]\], and propagating waves of Trk phosphorylation along the plasma membrane \[[@B50]\]. Thus, despite a general understanding of retrograde NT signaling by Trk receptors, there are still many unanswered questions.

Although the molecular components of retrograde signaling by the p75 receptor remain to be investigated, some of the mechanisms of its internalization are starting to be elucidated. Similar to many aspects of p75 signaling, the pathways of internalization depend on the cellular context. In general, p75 is endocytosed with much slower kinetics after ligand binding than the Trk receptors \[[@B51],[@B52]\], although the exact rate depends on the type of neuron, e.g. p75 internalization is faster in hippocampal than in sympathetic neurons \[[@B53]\]. Endocytosis of p75 has been reported to occur via both clathrin-dependent and -independent mechanisms in sympathetic neurons \[[@B54],[@B55]\] and motor neurons \[[@B56]\], although the functional significance of using these two routes is not known. After ligand-induced internalization in PC12 cells and sympathetic neurons, it was reported that p75 avoided the lysosome and was trafficked to Rab11^+^ recycling endosomes or multivesicular bodies (MVBs), where some of the receptor was exocytosed \[[@B55]\]. It is interesting that, in the chick ION, retrograde p75-mediated cell death correlated with accumulation of NGF in the neuronal soma in MVBs \[[@B57]\], suggesting that retrograde transport of p75 occurs in MVBs. In contrast, in motor neurons p75 is first trafficked into Rab5^+^ early endosomes, then into Rab7^+^ endosomes for retrograde transport \[[@B56],[@B58]\]. The type of vesicle responsible for trafficking p75 from the axon to the soma may depend on the ligand and the type of neuron, which could also affect which signals end up at the cell body.

It is important to note that the studies examining p75 trafficking have been carried out using labeled ligands or antibodies to the ECD. As the receptor undergoes proteolytic processing, it is unclear whether the ECD and the ICD traffic together or are separated. The Bronfman group demonstrated that, in PC12 cells, p75 is cleaved by TACE at the cell surface, releasing the ECD, and then internalized; γ-secretase cleavage occurs on endosomes \[[@B22]\]. However, this processing of p75 was actually triggered by Trk activation in this cell line and was not associated with any apoptosis. Therefore, whether the cleavages would occur in the same location in neurons after ligand binding to p75 remains an open question. Moreover, if the ECD is released from the axonal surface, then the previous studies of p75 trafficking could be measuring only movement of the full-length receptor, which may send different signals back to the soma compared with the released ICD.

Retrograde degenerative signaling
=================================

The mechanisms by which the axonally activated p75 receptor communicates with the neuron cell body have yet to be determined. However, a number of degenerative retrograde signals after injury or trophic factor deprivation have been identified, and there may be some overlap with p75-dependent processes, so it is worth some discussion here.

After axotomy, one of the first responses at the injury site is an increase in intracellular calcium, which can propagate along the axon, back to the soma \[[@B59],[@B60]\]. Although elevated calcium is important for repair at the damage site \[[@B61]\], if the levels become too high in the soma, they can lead to cell death through a mechanism analogous to excitotoxicity. Locally increased calcium also activates the dual leucine zipper kinase (DLK), a mitogen-activated protein 3-kinase (MAP3K) that can activate the MAP kinases, JNK and p38 \[[@B62]\]. DLK forms a complex with the scaffold protein, JNK-interacting protein 3 (JIP3), which leads to activation of JNK \[[@B63]\]. These authors also demonstrated that sensory neurons from *dlk^−/−^* mice fail to activate JNK after trophic factor withdrawal, and exhibit a dramatic decrease in the level of apoptosis and axon degeneration. Furthermore, naturally occurring cell death in the developing dorsal root ganglia and spinal motor neurons was significantly reduced in the *dlk^−/−^* mice \[[@B63],[@B64]\]. Ghosh et al. \[[@B63]\] suggested that a DLK--JNK--JIP3 complex forms in axons deprived of trophic factor and is retrogradely transported to the neuron cell body, where it promotes cell death.

JNK and JIP3 were shown to be constitutively associated in peripheral axons and underwent both retrograde and anterograde transport \[[@B65]\]. However, after nerve injury, JIP3 preferentially associated with dynein through binding to dynactin, a component of the dynein complex, resulting in predominantly retrograde transport of JNK--JIP3. Similar to retrograde signaling after trophic factor withdrawal, the retrograde transport of JIP3 after nerve injury was also dependent on DLK \[[@B66]\], suggesting that a DLK--JNK--JIP3 complex also transmits an injury signal back to the cell soma. Paradoxically, however, this complex does not induce neuronal degeneration, but is necessary for nerve regeneration \[[@B66]\]. How this retrograde signaling complex can mediate such opposing effects is unclear; however, nerve injury also induces the DLK-dependent retrograde transport of the transcription factor STAT3 \[[@B66]\]. Therefore, specific components of the retrograde complex, such as STAT3, may function as a critical switch in determining the neuronal response.

Other proapoptotic signals have also been reported to be retrogradely transported, e.g. apoptosis of sympathetic neurons induced by withdrawal of NGF from distal axons required glycogen synthase kinase 3β (GSK3) activity in the axons, leading the authors to suggest that GSK3 functioned as a retrograde signal \[[@B67]\]. However, they did not directly investigate the components of the retrograde signaling complex or track GSK3 transport. The proapoptotic protease caspase 8 has also been implicated in retrograde degenerative signaling after removal of the olfactory bulb, which damages the axons of olfactory receptor neurons and leads to neuronal death \[[@B36]\]. The active form of caspase 8 was associated with dynactin, and disruption of microtubules in the axons prevented the accumulation of active caspase 8 at the neuronal somata and the associated apoptosis, indicating that the protease was retrogradely transported. It is interesting that deletion of p75 also rescued the olfactory neurons, suggesting that the receptor is a key contributor to the apoptotic mechanism. How p75 functions in this degenerative process is not, however, clear because evidence suggests that p75 does not activate caspase 8 \[[@B68]\].

In addition to mediating cell death, recent findings have highlighted a role for proapoptotic caspases in axonal degeneration (reviewed by Geden and Deshmukh \[[@B69]\]). Several studies have revealed that trophic factor withdrawal triggers local activation of caspases 3, 6, and 9 in axons, resulting in their breakdown \[[@B70]--[@B72]\]. This degenerative process can occur independent of apoptosis, as long as the neuronal soma is receiving trophic support from another source (e.g. at the cell body). Such selective pruning allows circuit refinement without neuronal loss. Surprisingly, a recent study demonstrated that even localized axon degeneration requires retrograde signaling to the soma \[[@B73]\]. On receipt of a degenerative retrograde signal, there is a transcriptional up-regulation of proapoptotic factors, such as the p53-up-regulated modulator of apoptosis (PUMA), resulting in anterograde transport of signals to promote the breakdown of axons. The nature of the retrograde and anterograde degenerative signal in this context has yet to be defined, but may involve p75. Selective activation of p75 in distal axons can induce localized degeneration without causing apoptosis \[[@B74]\] and is an essential process for normal axon pruning \[[@B75]\]. Whether p75 or its signaling partners are components of the retrograde degenerative signal processed back at the soma remains to be determined.

The receptor p75 has also been implicated in retrograde degenerative signaling in motor neurons of superoxide dismutase 1 mutant mice (SOD1^G93A^), which undergo axon degeneration and eventual motor neuron apoptosis and have been used as a model for amyotrophic lateral sclerosis (ALS) \[[@B76]\]. Initially, p75 was suggested to be involved in the neurodegeneration in ALS patients and SOD1^G93A^ mice based on the up-regulation of the receptor in the affected motor neurons \[[@B77],[@B78]\]. However, crossing the SOD1^G93A^ mice with p75*^−/−^* mice provided only partial protection in females \[[@B79]\]. These results are complicated by the multifaceted role of the receptor in other cells that could affect motor neuron viability (e.g. Schwann cells \[[@B80]\] and astrocytes \[[@B81],[@B82]\]). Nevertheless, acute inhibition \[[@B83]--[@B85]\] or knockdown of p75 \[[@B86]\] in the SOD1^G93A^ mice was shown to reduce the neurodegeneration. Furthermore, the p75 ICD was found to associate with the retrograde motor dynein in the nerves from these mice, suggesting that it is retrogradely transported in the neurons \[[@B76]\]. The authors pulled down dynein from motor axons in wild-type and SOD1^G93A^ mice, and then surveyed the associated proteins using mass spectrometry. In wild-type, healthy axons, dynein complexes included many pro-survival signals, such as activated Trk and ERKs; however, in the SOD1^G93A^ axons, there were many proapoptotic factors such as caspase 8, activated JNK, and the ICD fragment of p75. Importantly, inhibition of the retrograde transport of the proapoptotic factors could rescue the SOD1^G93A^-expressing motor neurons. Based on their results, the authors proposed that the retrograde transport of these proapoptotic factors could contribute to the neurodegeneration associated with ALS.

Conclusions
===========

Given the extensive length of many axons, it is not surprising that transport plays a key role in regulating neuronal survival. Many critical factors are shuttled back and forth along the axon, including trophic factors and associated signals to mitochondria and lysosomes. It is well established that disruptions in retrograde transport are associated with a number of neurodegenerative conditions, such as Alzheimer\'s and Huntington\'s diseases and a variety of motor neuron diseases, including ALS \[[@B87],[@B88]\]. However, there is growing evidence that proapoptotic factors can also be retrogradely transported under various pathological conditions. The p75 receptor has been implicated in retrograde degenerative signaling in a few conditions, as discussed above; however, there remain many unanswered questions about the role of the receptor, the mechanisms of its transport, and the components of the signaling complex with which it associates ([Figure 2](#F2){ref-type="fig"}). Understanding the mechanisms regulating the balance between pro-survival and proapoptotic retrograde signaling is essential to develop therapeutic strategies for neurodegenerative diseases.

![Retrograde apoptotic signaling by p75\
Many questions remain to be answered about retrograde signaling by p75 (indicated by question marks), including the mechanisms of internalization, the identity of the transport vesicle, where the cleavage occurs, and which fragments of p75 are transported, as well as which components are present in the retrograde signaling complex (e.g. various p75-binding partners).](ns-01-ns20160007-g2){#F2}
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